Aim: To develop a population pharmacokinetics model of oxcarbazepine in Chinese pediatric patients with epilepsy, and to study the interactions between oxcarbazepine and other antiepileptic drugs (AEDs). Methods: A total of 688 patients with epilepsy aged 2 months to 18 years were divided into model (n=573) and valid (n=115) groups. Serum concentrations of the main active metabolite of oxcarbazepine, 10-hydroxycarbazepine (MHD), were determined 0.5-48 h after the last dosage. A population pharmacokinetics (PPK) model was constructed using NLME software. This model was internally evaluated using Bootstrapping and goodness-of-fit plots inspection. The data of the valid group were used to calculate the mean prediction error (MPE), mean absolute prediction error (MAE), mean squared prediction error (MSE) and the 95% confidence intervals (95% CI) to externally evaluate the model. 
Introduction
Oxcarbazepine (10,11-dihydro-10-oxo-5H-dibenz[b,f]azepine-5-carboxamide; OXC) is a newer antiepileptic drug that has been widely used in many countries for the treatment of partial seizures (including the seizure subtypes of simple, complex, and partial seizures evolving to secondarily generalized seizures) as both a monotherapy and an adjunctive therapy in children and adults with epilepsy [1] . The antiepileptic properties of OXC are possibly mediated through its effects on neuronal flux and specifically, by blocking the voltage dependent sodium channel [2] . OXC, the 10-keto derivative of carbamazepine (CBZ), has a similar clinical efficacy as CBZ, but with fewer adverse drug reactions and better tolerability [3, 4] . The oral bioavailability of OXC is above 95%. Following oral administration, OXC is rapidly reduced by cytosolic arylketone reductases in the liver to 10-hydroxycarbazepine (MHD), which is responsible for the pharmacological effects of the drug. MHD is eliminated through conjugation with glucuronic acid and subsequently excreted in the urine [4] [5] [6] . In humans, the formation of MHD is stereoselective, with the two enantiomeres formed in a ratio of 80% (S-MHD) to 20% (R-MHD) [4] [5] [6] [7] [8] . It has been demonstrated that the two enantiomers have similar antiepileptic efficacy and tolerability [9] . Usually, the pharmacokinetics and disposition of the racemate were investigated [4] . A number of studies [2, 3, 10] have reported a linear relationship between OXC doses and MHD concentrations in patients and healthy volunteers，and MHD accounted for the majority of the radio- active species circulating in plasma, with only low levels of unchanged OXC; therefore, OXC acts as a prodrug of MHD [4] . MHD was typically the target of the pharmacokinetic or pharmacodynamic investigations of OXC.
Several antiepileptic drugs, such as CBZ, phenytoin (PHT) and phenobarbital (PB) are metabolized by the cytochrome P450 (CYP450) oxidative processes. Unlike these drugs, OXC primarily undergoes reductive biotransformation. Therefore, OXC has a low propensity of autoinduction and enzyme induction. Because of this distinct difference, OXC has a small potential for drug-drug interactions with other antiepileptic drugs (AEDs) [2] . Thus, it has been suggested that there was no relationship between concomitant administration with other AEDs and the apparent clearance of MHD [10] . However, some studies have reported a higher apparent clearance and lower MHD concentrations when OXC was coadministered with enzyme-inducing medications [1] [2] [3] 11] . Furthermore, it has been demonstrated that OXC was a weak inhibitor of CYP2C19 and may increase the serum concentration of PHT and PB [2, 5, 12] . Additionally, it is a weak inducer of uridine glucuronyl transferases (UGT1A4), as demonstrated by a 29% decrease in the serum concentration of lamotrigine (LTG) [13, 14] . At present, these ideas remain controversial and the mechanism has not been fully elucidated.
There is limited pharmacokinetic information available regarding Chinese pediatric patients with epilepsy treated with OXC. Therefore, the aims of the present study were to develop a population pharmacokinetics (PPK) model of OXC in Chinese children with epilepsy and to investigate the pharmacokinetic characteristics of OXC including the influence of other antiepileptic drugs on the pharmacokinetic parameters of OXC in these subpopulations, which will facilitate individualized dosage regimens.
Materials and methods

Patients
Children with epilepsy were recruited by pediatricians in the Department of Neurology at Wuhan Children's Hospital from June 2011 to February 2013. The enrollment criteria were as follows: (1) the children were diagnosed with epilepsy based on the criteria of International League Against Epilepsy (ILAE); (2) the children had good compliance in following medical orders or other requirements of this study; (3) the patients had normal liver and kidney function during drug treatment; and (4) the patients did not receive special treatments that could impact drug elimination, such as dialysis and diuresis. The exclusion criteria were as follows: (1) missing some critical research information; (2) blood samples were taken at the wrong time or without meeting the requirements; and (3) other factors that the clinicians or researchers considered to be unsuitable for this study. In total, 688 cases of pediatric patients with epilepsy aged 2 months to 18 years were collected in this study. The patients were from all over the country and were taking OXC alone or concomitantly with other AEDs. For each patient, the gender, age, weight and coadministered medications were recorded. The data were randomly divided into 2 groups, the PPK model group (n=573) and the PPK valid group (n=115), using SPSS (Statistical Package for the Social Sciences) 13.0 software. The demographic and clinical characteristics of the pediatric patients are summarized in Table 1 . The protocol for this study was approved by the Medical Ethics Committee of Wuhan Children's Hospital, and written informed consent was obtained from their guardians (ie, their parents).
OXC administration and sample collection OXC tablets were administered orally in daily doses of 10-30 
Structural model
Based on previous research [2, 5, 15, 16] , we first proposed the following assumptions： OXC was completely absorbed (the bioavailability was fixed at 1.0) and metabolized to the same amount of MHD in the mass unit. The first-order conditional estimation method with the η-ε interaction option (FOCE L-B) was used throughout the model building process. Based on previous modeling performed on other studies [2, 3] and exploratory graphical analysis, one-and two-compartment structural kinetic models with first-order elimination were evaluated. The best structural model was chosen based on an examination of the objective function value (OBJ, equal to the -2 log likelihood value of the data) and the visual inspection of standard goodness-of-fit plots, including the individual fits. Finally, a one-compartment, open kinetic model with firstorder absorption and elimination best described the data.
Statistical model
The exponential model was used to describe the inter-individual variability of the PK parameters as shown in Equation 1:
Where P i is the pharmacokinetic parameter for the ith individual, θ is the population typical value of the according parameter, and η i is a random variable for the ith individual following a Gaussian distribution with a mean of 0 and a variance of ω 2 . The intra-individual variability (residual error) was evaluated using an addition model according to Equation 2:
Where C obs is the observed serum MHD concentration, C pred is the corresponding model predicted concentration, and ε is assumed to follow a Gaussian distribution with a mean of 0 and a variance of σ 2 .
Covariate analysis
In the first step, the basic model was parameterized for apparent clearance (CL), the apparent volumes of distribution of the central compartment (V d ), and the absorption rate constant (K a ) without covariates added. In the second step, demographic variables (this study included sex, age, weight, and body surface area) and comedication (CO) were tested as potential covariates for the PK parameters. Based on previous studies [2, 3] , we considered CO to be a potential covariate explaining the kinetic differences. CO was included as a categorical variable [0 for OXC monotherapy; 1 for comedication with newer AEDs (NEWAEDs) such as levetiracetam (LEV), LTG and topiramate (TPM); 2 for comedication with enzymeinhibiting AEDs such as valproic acid (VPA); and 3 for comedication with enzyme-inducing AEDs (EIAEDs) such as CBZ and PB]. Categorical covariates (sex and CO) were incorporated using indicator variables with an exponential function. The influences of continuous covariates, such as age, weight, and body surface area were included in the model using a power function after normalization to the median value. A visual covariate screening procedure was performed before modeling. For visual screening, scatterplots for continuous variables and boxplots for discrete variables were used.
Variables showing a potential relationship with a certain PK parameter in the screening procedure were included in the model to be selected as important covariates. In the third step, when the important covariates were selected, covariates were chosen using stepwise forward selection-backward elimination with the likelihood ratio test. Because the OBJ follows a chi-square distribution, a covariate was considered significant when the addition of the covariate resulted in a decrease in the OBJ (∆OBJ) of greater than 3.84 (P<0.05; df=1), and the elimination of the covariate resulted in an increase in the OBJ (∆OBJ) of greater than 6.63 (P<0.01; df=1). After a full covariate regressive model was established, the analysis procedure was continued until only significant covariates remained in the model. Then, the final model was established.
Model evaluation
The performance of the final model was internally evaluated both numerically and visually using bootstrapping and diagnostic plots, including goodness-of-fit and distribution of residuals. Using the final model, 1000 bootstrap-resampled data sets from the original model group data set were sequentially estimated. The median and 95% confidence intervals (95% CIs) (2.5th percentile and 97.5th percentile) of the parameters obtained from this step were compared with the final parameter estimates. The serum concentrations of the valid group patients were predicted by the final model, and the mean predicted error (MPE), mean absolute prediction error (MAE), mean squared prediction error (MSE) and the 95% CIs were calculated to externally evaluate the final model according to Equations 3-5.
Where C obsi is the observed serum MHD concentration of ith patient, and C predi is the final model predicted concentration.
Statistical analyses
Descriptive statistics were expressed as the arithmetic mean±SD unless otherwise specified. The statistical analysis was carried out using SPSS Statistics for Windows software (version 13.0) by Student's t-test and one-way analysis of variance followed by post hoc test. P<0.05 was considered significant.
Results
Patient characteristics
A total of 1254 sampling points obtained from 1249 courses of treatment in 688 patients aged 2 months to 18 years (1 to 14 years accounted for 93.5%) were included in the total dataset. The characteristics of the studied population are summarized in Table 1 . The intervals between the last dosage time and sampling time were distributed over 0.5-48 h (Figure 1 ).
PPK modeling
The basic model was as follows:
A summary of the full model development process is shown in Table 2 in decreasing order of the OBJ (model improvement).
In the backward step, only comedication with other AEDs (CO) was included as a statistically meaningful covariate for CL. No significant association was found between the other covariates and the apparent clearance of MHD. The final model was as follows:
)=θ CL ·Exp(θ NEWAEDs )Exp(θ VPA )·Exp(θ EIAEDs )·Exp(η CL ) Where θ NEWAEDs , θ VPA , and θ EIAEDs are the fixed parameters relating to the coadministration of NEWAEDs, VPA, and EIAEDs, respectively. and the corresponding half-life estimate in these subpopulations was 13.3 h; the peak MHD concentration occurred within 3.6 h of a single dose. In the final model, the interindividual variability of CL decreased to 6.89% from 20.24% in the basic model without adjusting the covariates. The residual coefficient of variation for the final model was 0.93 mg/L, which was an improvement from 1.71 mg/L for the basic model.
Model evaluation results
Internal data evaluation
The robustness of the final model was shown by the bootstrap results (Table 4 ). The population estimates for the final model were very similar to the median of the bootstrap replicates (relative error was within ±10%) and within the 95% confidence interval obtained from the bootstrap analysis. The goodness-of-fit plots in Figure 2 show that the model predictions were in reasonable agreement with the observed plasma concentrations. No trend in the conditional weighted residuals versus the population predictions or versus the time-afterdose plots was observed. Most of the conditional weighted residuals were evenly distributed around zero and within an SD of ±2 of the normalized units.
External data evaluation
When finalizing the final model parameters without reestimation, 223 MHD concentrations from 115 patients from the validation group were used to validate the final model. These observed concentrations were compared with predicted concentrations calculated from parameters obtained from the modeling group to determine the predictive performance. The MPE, MAE, and MSE are defined in Table 5 . All indicators in the final model decreased from the basic model and showed better prediction performance. Scatter plots ( Figure  3 ) were taken to demonstrate the deviations of predictive and observed concentrations pairs. The determination coefficient of the individual value observed/predicted by the final model was 0.9909. The indicators and plots obtained from final model showed accurate and precise predictions.
Effects of antiepileptic drugs on MHD
The typical MHD clearance values estimated in the final model with coadministration of NEWAEDs (LEV, LTG, TPM) and EIAEDs (CBZ, PB) were 10.5% and 17.4% higher, respectively, than with no coadministration (Table 3) . However,with coadministration of VPA, the clearance of MHD decreased by 3%. We integrated the data (original plus external) to further verify these effects. Regarding the coadministered AEDs, the combined patient data set (n=688 cases) was divided into 4 groups as follows: (1) 
Discussion
Although several studies [7, 8, 17, 18] have addressed OXC PK, only a few studies [2, 3] using a nonlinear mixed-effect modeling method have been conducted, especially in epileptic children. Consequently, the rationale for the design of the present study was to characterize MHD (the active metabolite of oxcarbazepine) clearance, the covariates affecting its variability, and unexplained residual and interindividual variabilities in Chinese epileptic children. In this study, nonlinear mixedeffect modeling was performed and evaluated based on the extended least square (ELS) principle. The stability and the predictive performance of the final PPK model were established using goodness-of-fit, bootstrapping and external data evaluation.
In the structural model selection step, we observed that a one-compartment model with first-order absorption and elimination best characterized the PK in Chinese epileptic children aged 2 months to 18 years according to a preliminary analysis of the goodness-of-fit. This result is the same as previous modeling performed in other studies [1] [2] [3] 19] . The , θ Vd =0.67 L/kg, θ CL =0.035 L·kg -1 ·h -1 , and the corresponding t 1/2 =13.3 h, t max =3.6 h. These values are similar to the existing parameters that were reported in traditional PK studies [4, 5, 7, 8, 18, 20] focusing on healthy adult subjects (V d =0.7-0.8 L/kg or 49 L, t 1/2 =7-20 h, t max =3-12 h). The typical absorption rate constant (θ Ka ) of this study was higher than was found in pediatric patients aged 4 to 17 years in an earlier PPK study (θ Ka =0.598 h -1 ) [2] , but lower than in adults (θ Ka =1.0 h -1 ) [19] . In the current study, the typical apparent volume of distribution (θ Vd ) was lower than Northam et al [1] found in infants and young children aged 1 month to 4 years [θ Vd =1.45±0.11 L/kg (monotherapy or concomitant nonenzyme-inducing antiepileptic drugs) or θ Vd =1.39±0.23 L/kg (concomitant enzyme-inducing antiepileptic drugs)], but similar to Park's result [3] (θ Vd =49 L, equals 0.78 L/kg normalized by a typical weight of 62.8 kg). It appeared that the typical weight-normalized apparent clearance (θ CL ) was approximately same in Park's study [3] (θ CL =2.13 L/h, equals 0.034 L·kg -1 ·h -1 normalized by a typical weight of 62.8 kg), but lower than that reported in Northam's study [1] [θ CL =0.071±0.015 L·kg -1 ·h -1 (monotherapy or concomitant non-enzyme-inducing antiepileptic drugs) or θ CL =0.096±0.024 L·kg -1 ·h -1 (concomitant enzyme-inducing antiepileptic drugs)]. In this study, the age of patients ranged from 2 months to 18 years, of which the patients aged 1 to 14 years accounted for 93.5%. Consequently, the model was more reliable for children aged 1 to 14 years. As the typical population values of the pharmacokinetic parameters show, the pharmacokinetic profile of Chinese children was similar to that of Korean [3] while different from that of westerners [1, 2] . It has been suggested in previous studies that factors affecting the pharmacokinetics of MHD might include comedication, age, renal impairment, pregnancy, and compliance [6, 21] . Our findings suggest that comedication with other AEDs is a significant predictor for MHD clearance in the target population. No association was found between the pharmacokinetics of MHD and the sex, age, weight, or body surface area of the patient.
Because the metabolism of OXC or MHD barely uses catalytic oxidation by CYP450 (only approximately 4% of MHD is oxidized to the inactive dihydroxy derivative), there is only a small potential for the metabolism of OXC or MHD to be affected by the inducers of CYP [2, 5, 16] . However, some studies suggest that the classical enzyme-inducing AEDs such as CBZ, PB and PHT may increase the metabolism of MHD. Tartara et al [20] reported that the metabolism of OXC (600 mg single dose) was induced approximately 30% by PB, as demonstrated by a lower plasma concentration of MHD. McKee et al [22] found that CBZ and PHT decreased the AUC of MHD by 40% and 29%, respectively. In previous population pharmacokinetic modeling studies [2, 3, 23] , CBZ, PB, or PHT administered with OXC increased the apparent clearance of the MHD metabolite by 31% to 75%. The mechanism of this heteroinduction is unclear. However, enzyme-inducing AEDs might enhance the metabolism of MHD through the induction of UGT or CYP enzymes [11] , and the former pathway may play a more important role. Our study identified a slighter inducing effect of enzyme inducers on OXC metabolism than was reported in the above studies. The final model indicated that enzyme-inducing AEDs, such as CBZ and PB, administered with OXC increased the weight-normalized apparent clearance of MHD only by 17.4%. This inducing effect was less pronounced but also significant. It also explains why some studies [10] failed to show a significant effect for enzyme-inducing AEDs on the MHD concentration.
The majority of the newer generation AEDs are usually regarded as free of enzyme-inducing properties and therefore unlikely to interact with OXC. However, there are limited data available on this inference. In the current study, we showed that comedication of some newer generation AEDs such as LEV, LTG, and TPM with OXC also could increase the weight-normalized apparent clearance of MHD by 10.5%. LEV is neither bound to serum proteins, nor metabolized by CYP450 oxidative processes following absorption. Its major route of elimination is renal, with approximately 66% of a dose eliminated unchanged and 27% as inactive metabolites. The major metabolic route is hydrolysis in the blood and various tissues to LO57 and other minor inactive metabolites [6] , thus it is unlikely to affect the metabolism of MHD for the above reasons. The majority of LTG is conjugated with glucuronic acid and subsequently excreted in the urine without CYPmediated metabolism. In the same metabolic pathway, OXC is also primarily cleared by glucuronic acid conjugation [24] . For this reason, potential interactions may occur in patients receiving combination therapy of LTG and OXC. Some studies [13, 14] reported that OXC might induce the UGT1A4-mediated metabolism of LTG, as demonstrated by a 29% decrease in its serum concentration. However, the influence of LTG on the metabolism of OXC is rarely reported, and there is a lack of evidence supporting it. Sallas et al [2] found a trend toward patients with lower LTG concentrations having higher MHD concentrations. A significant increase in the clearance of both LTG and MHD occurred in two pregnant women who received combination therapy of LTG and OXC in Wegner's case report [24] . The above observations and our findings suggest that LTG might have catalytic effects on the UGTmediated metabolism of MHD. The isoforms of UGT involved in MHD glucuronidation have not yet been identified [24] , thus this hypothesis requires further validation. Some studies [14, 25] showed a modest inducing effect of higher doses (up to 200 mg/d) of TPM on CYP3A4 and possible effects on the activity of UGTs. Thus, the CYP and UGT-mediated metabolism of MHD might also be induced by a high dose of TPM. To test the above analysis, the patients in the OXC+NEWAEDs group were divided into OXC+LEV, OXC+LTG, and OXC+TPM subgroups. The result indicated that the OXC+LEV group had similar clearances to that of the OXC monotherapy group (0.034±0. 
P<0.05).
In conclusion, the increase in MHD clearance in our study might be caused by the inducing effect of coadministered LTG or TPM. We also found that VPA comedication with OXC decreased the clearance of MHD by 3%, but it failed to show a significant effect on the study of integrated data (original plus external) ( Figure 4) . As an inhibitor of UGT enzymes, VPA has been shown to have a potent inhibiting effect on the glucuronidation of LTG [2] . Although OXC is also primarily cleared by glucuronic acid conjugation, the majority of studies [20, 22] found there were no drug-drug interactions for VPA used with OXC. Tartara et al [20] suggested that the glucuronyl transferase isozymes catalyzing MHD conjugation differ from those responsible for the glucuronidation of LTG. Our study showed a slight inhibiting effect of VPA on MHD metabolism, but it is not statistically and clinically significant.
Some studies [2, 3, 11, 26] suggested that the weight-normalized value of MHD clearance decreased as the patient age increased. Compared with adults, the average magnitude of the increase in MHD clearance values has been found to be on the order of 30%-160% in children [26] . A significant and positive correlation between the MHD concentration-to-OXC dose ratio (CDR) and patient age was found in Armijo's study [11] . As a result, children require larger dosages (milligrams per kilogram) to achieve serum drug levels comparable with those found in adults [6] . However, many PPK studies [2, 3] failed to find age but body size (such as weight or body surface area) was included in the final model as a statistically meaningful covariate for the clearance of MHD. Furthermore, once the best relationship for clearance in terms of body size was determined, one often found that there was no difference in the clearances between children and adults adjusted for body size [2] . In the current study, patient body weight was included into the full regressive model as a statistically meaningful covariate for CL (Table 2 ), but it was eliminated from the model in the covariates backward analysis step using a more stringent criterion of statistical significance (χ 2 =6.63, P<0.01). A study [27] suggested that the clearance of OXC and MHD is reduced in patients with impaired renal function (creatinine clearance <30 mL/min) and that the elimination half-life of MHD is prolonged with a corresponding 2-fold increase in AUC. A limitation of the current study is that the patient renal functions have not been incorporated into the covariate analyses, thus the conclusion is only applicable to children with normal liver and kidney function during OXC treatment. Future studies will investigate the OXC pharmacokinetic characteristics in populations with special pathological conditions, such as liver and kidney dysfunction.
Our findings indicated that enzyme-inducing AEDs and some newer AEDs (including LTG and high dose TPM) could induce the metabolism of MHD, and hence decrease the serum drug concentration below the therapeutic window, which may lead to epileptic seizure. Thus, we suggest that MHD concentrations should be monitored when OXC is coadministered with the above enzyme inducers, and the dosage of OXC should be adjusted accordingly. The PPK model established in this study will facilitate individualized dosage regimens for 
Conclusion
The population analysis was successful in describing the pharmacokinetics of OXC in Chinese children aged 2 months to 18 years. A one-compartment pharmacokinetic model with first-order absorption adequately described the data, while the exponential model was used to describe the inter-individual variability and the addition model described the intra-individual variability. The final PPK model was shown to be stable and effective in the prediction of serum MHD concentrations by internal and external validation. The findings indicate that the apparent clearance of MHD increased slightly with comedication with enzyme-inducing AEDs and some newer generation AEDs. This study will facilitate individualized dosage regimens.
